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ABSTRACT:
In many sexually reproducing species, males and females often differ in countless
ways beyond their primary sexual organs. This phenomenon is known as sexual
dimorphism, and it is generally considered to be an adaptive response to differences in
the selection pressures experienced by males and females. Despite the advantages
associated with sexual dimorphism, it does not evolve completely unhindered – there are
plenty of biological effects that can limit the extent and rate of divergence between the
sexes. This research project focusses on the potential role of the intersexual genetic
correlation (rmf) – which describes the degree to which brothers and sisters are
phenotypically similar to each other – as a limiter on the evolution of sexual dimorphism,
a topic of considerable recent debate. We examined the extent to which the intersexual
genetic correlation for body size (a sexually dimorphic trait) could be experimentally
evolved in replicate populations of fruit flies, Drosophila melanogaster, via selection
acting at the family level over the course of five generations. We observed a dramatic
(but short-lived) response in rmf to selection, which suggests that under the right
circumstances that the intersexual genetic correlation is more evolvable than previously
thought. A follow-up fitness assay conducted at the end of the experimental evolution
period also revealed that some of the intersexual conflict over fitness could be overcome
given the right kind of mating patterns. This project provides fresh insight into the
relative evolvability of intersexual genetic correlations, as well as empirical evidence on
ways in which selection can facilitate the adaptive evolution of sexual dimorphism.
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CHAPTER 1
INTRODUCTION
Sexual dimorphism is characterized by intraspecific differences in the average
male and female phenotype, beyond expected differences in their primary sex organs
(Andersson, 1994). It is a phenomenon that has been documented and extensively studied
over many decades by evolutionary biologists working on a variety of dioecious plants
and animals across a wide range of taxa (Lande, 1980; Berglund et al., 1986; Andersson,
1994; Badyaev & Hill, 2007; Poissant et al., 2010; Morina et al., 2018). Differences
between the sexes can be manifested in traits as varied as flower size and number (Delph
et al., 2004), development rate and body growth (Chippindale et al., 2003),
morphological characters influencing survival (Vincent et al., 2004) and mating success
(Bejdová et al., 2013), as well as numerous behavioral phenotypes (Hedrick, 1986;
Weimerskirch et al., 2006). Broadly speaking, the evolution of sexual dimorphism has
been attributed to differences in the ecology and life history of the sexes (natural
selection) and/or to the effects of sexual selection. Some natural challenges, such as
finding food, water, and shelter, are experienced similarly by males and females, and do
not favour the sexes becoming different over evolutionary time (Andersson, 1994; Rice
& Chippindale, 2001; Boduriansky & Chenoweth, 2009). However, it is also common
that other types of selective pressures affect the sexes differently, especially when the
sexes experience different life histories. These pressures can lead to the evolution of
differences in the physiology, morphology, development, and/or behavior of the sexes, in
ways that allow each to successfully navigate the sex-specific challenges posed by their
differentiated life histories (Lande, 1980; Rice, 1992; Bonduriansky & Chenoweth,

1

2009). It is the interplay between divergent as well as convergent selective forces that is
instrumental in determining the overall degree of sexual dimorphism expressed by a
species, and moreover the rate at which that dimorphism evolves (Lande, 1980; Rice &
Chippindale, 2001; Fairbairn et al., 2007; Bonduriansky & Chenoweth, 2009). The
abundance of sexual dimorphism in nature leads to several logical follow-up questions:
Why does sexual dimorphism arise in the first place? At what rate does dimorphism
evolve from sexual monomorphism? And what are the factors commonly promoting (or
inhibiting) its evolution across all of sexually-reproducing life?
Sexual dimorphism arises when the sexes face unique challenges that impart
selection on them in different ways. Current theory attributes the emergence of sexual
dimorphism to two different (but not mutually exclusive) classes of selective pressures:
ecological pressures and mating pressures (Slatkin, 1984; Andersson, 1994). Sexual
dimorphism is classically associated with sexual selection on secondary sex traits and
other traits associated with variation in reproductive success. Specific examples of sexual
dimorphism resulting of this type of selection include extreme male-biased size
dimorphism in elephant seals (Mirounga spp.), a consequence of intense male-male
combat for access to female ‘harems’ (McCann, 1981; Haley et al., 1994); larger tail size,
conspicuous colouration, and the presence of a large dorsal crest in male Triturus vittatus
newts due to male-male contests as well as female mating preferences (Raxworthy,
1989); elaborate calling behaviour in male Gryllus integer field crickets in response to
female mating preferences (Hedrick, 1986, 1988). While it is well-established that
intermale competition and female choice are common causes of sexual dimorphism
throughout nature (see Andersson, 1994), it is also important to consider the ways in
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which ecological pressures may act differentially on the sexes, further contributing to the
evolution of sexual dimorphism. For example, it is sometimes the case that sexual
dimorphism evolves because it prevents needless foraging competition between the
sexes. Evidence supporting this idea comes from male and female cottonmouth snakes
(Agikistrodon piscivorous), who express different patterns of prey selectivity and possess
dimorphic jaw morphologies reflecting those patterns (Vincent et al., 2004). Another
example comes from a (now extinct) bird, the New Zealand huia (Heteralocha
acutirostris) where male and female pairs foraged together but had very different beak
morphologies – likely allowing the pair to target differential resources, increasing the
overall amount of food available to them (Andersson, 1994). These examples clearly
show that sexual dimorphism can evolve in response to adaptive foraging differences
between the sexes, preventing competition between them (Slatkin, 1984). Another
common way divergent ecological pressures can create sexual dimorphism is when the
dissimilar life histories of the sexes cause them to encounter unique survival challenges
(Slatkin, 1984; Shine, 1989). As an example, crayfish from the Families Astacoidea and
Parastacoidea show sexual dimorphism in the size of their chelae (claw), with males
possessing larger pincers than females. It is hypothesized that males have evolved
enlarged chelae due to the fact that pincer size is associated with lower predation risk,
coupled with the fact that males are more active in the open, putting them at a higher risk
of predation than females, although there is evidence showing that other mechanisms are
also capable of creating this sort of sexual dimorphism (Shine, 1989). Another common
mechanism that creates sexual size dimorphism, especially so in cold-blooded species, is
fecundity selection (Blackenhorn, 2005). Broadly speaking, it seems that larger females
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experience fecundity advantages in a number of animal groups, presumably due to a
heightened ability to produce and/or carry eggs (Shine, 1988; Andersson, 1994). As
fecundity is a trait that strongly and directly influences lifetime fitness, there is thus a
strong selective push towards larger females in taxa where size and fecundity associate
positively, including insects, fish, crustaceans, reptiles, and amphibians, among others
(Shine 1988; Andersson, 1994; Blackenhorn, 2005). As selection on intrinsic fecundity
acts on females alone, it creates a sex-specific pressure that can oftentimes lead to the
evolution of female-biased body size dimorphism (Lande & Kirkpatrick, 1988;
Blackenhorn, 2005; Bonduriansky & Chenoweth, 2009). Although males are not selected
oppositely of females in this case (it is not even clear what fecundity would mean in
terms of males), stabilizing selection on male size can allow fecundity selection on
females to create substantial sexual size dimorphism. The frequency of this pattern of
sexual dimorphism among lower vertebrates and invertebrates implies that fecundity
selection is an important force shaping the evolution of many lifeforms. Similarly, in
cold-blooded species expressing female-biased sexual size dimorphism, it is likely that
fecundity selection plays at least some sort of a role in shaping that dimorphism, due to
its strength as a general selection pressure. Overall, these varied examples illustrate some
of the ways in which the sexes can become dimorphic in response to environmental
differences.
Much available evidence shows that it is important to consider how sexual
pressures and ecological pressures interact to influence the degree and nature of sexual
dimorphism expressed by a species. A noteworthy example of this phenomenon
involving sexual dimorphism is seen in the river guppy, Poecilia reticulata, in which tail
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fin size and body size are sexually dimorphic, and where males from different
populations display varying combinations of light, dark, and orange spots, as well as
areas of iridescence, compared to the relatively drab colouration of females (Endler &
Houde, 1995, Hendry et al., 2006). Research has also found that the degree of sexual
dimorphism in colouration and morphology that manifests in any given population of P.
reticulata is dependent on the specific combination of local environmental characteristics
such as canopy cover, water flow, water visibility, and predation risk/predator presence
(Andersson, 1994; Endler & Houde, 1995; Hendry et al., 2006). Another interesting case
of variation in sexual dimorphism involves separate populations of the house finch
Haemorhous mexicanus, where trait covariance matrices are quite variable between even
closely related populations leading to differences in the nature of extant sexual
dimorphism between them (Badyaev & Hill, 2007). This implies that the developmental
correlations between morphological traits are not encoded through a simple, linear
genetic architecture, and that the true nature of these relationships is far more intricate
(Prasad & Shakarad, 2004). This greatly complicates our understanding of the pathways
through which sexual dimorphism can evolve. These examples illustrate that sexual
dimorphism can vary based on local selective pressures. Furthermore, they illustrate that
the complex genetic architecture controlling trait correlations can create scenarios where
sexual dimorphism manifests differently in closely related populations of the same
species.
While the widespread nature of differences between males and females would
appear to make the evolution of sexual dimorphism a simple and adaptive phenomenon
(Darwin, 1871; Andersson, 1994), there are several different factors that can potentially
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constrain the speed and trajectory of the evolution of dimorphism within species
(Bonduriansky & Chenoweth, 2009). One such constraint arises from the fact that the
common inheritance of genes from a shared set of parents tends to cause offspring of
both sexes to resemble each other, due to shared genes being expressed regardless of
individual sex. This creates a phenomenon known as intersexual genetic correlation, the
strength of which is measured by rmf (Chippindale et al., 2001; Rice & Chippindale,
2001; Bonduriansky & Chenoweth, 2009; Poissant et al., 2010; Stewart & Rice, 2018).
One consequence of a strong positive, intersexual genetic correlation is a reduction in the
degree of sexual dimorphism that is expressed by brothers and sisters, due to their shared
genetic inheritance influencing their respective phenotypes in the same way. This is made
complicated by the fact that each sex often pursues an optimal strategy that is quite
different from the strategy pursued by the other, and thus both benefit from being
phenotypically different. For example, genetic variants associated with male success tend
to promote the development of masculinized phenotypes even when expressed in a
female genetic/developmental background (and vice versa; Pischedda & Chippindale,
2006). This can harm the fitness of opposite sex offspring by making them more closely
resemble a member of the sex benefiting from the genetic variant, in a phenomenon
known as intralocus sexual conflict (Chippindale et al., 2001; Rice & Chippindale, 2001;
Bonduriansky & Chenoweth, 2009; Poissant et al., 2010; Guncay et al., 2017). Genetic
variants that enhance the fitness of one sex and harm the fitness of the other are known
collectively as sexually antagonistic variation. Their asymmetrical fitness effects arise
specifically when males and females pursue mutually exclusive reproductive strategies,
and require different optimal phenotypes to do so; a sexually antagonistic allele that

6

produces a phenotype in males that is favoured in male-specific challenges may also have
the effect of reducing fitness when expressed in their sisters, as they too will become
phenotypically primed for a male life history strategy regardless of the fact that is not the
strategy they will be executing (Rice & Chippindale, 2001; Bonduriansky & Chenoweth,
2009; Innocenti & Morrow, 2010). Furthermore, as sexually antagonistic alleles are
alternatively selected for when expressed in the sex that they benefit and against when
expressed in the sex that they harm, this can lead to the maintenance of polymorphism in
male-benefit and female-benefit alleles within a population’s gene pool (Connallon and
Clark, 2014). When traits are quantitative in nature and genetic variation is roughly
additive (as is true of body size in the fruit fly D. melanogaster; Turner et al., 2011;
Okada et al., 2019), then dimorphism can be constrained through this balancing selection
on different trait optima for males and females (Lande, 1980; Rice, 1992; Rice &
Chippindale, 2001; Bonduriansky & Chenoweth, 2009; Innocenti & Morrow, 2010;
Delph et al., 2011; Stewart & Rice, 2018; Sztepanacaz & Houle, 2019). For example, a
high incidence of antagonistic alleles within a population means that an individual stands
a reasonably high chance of inheriting at least some alleles from their parents that are
(from their perspective) maladaptive, and limit the degree to which their individual
phenotype matches their sex’s unique, optimal phenotype. At the whole-population level,
this effect could result in the realized phenotypic distributions of each sex being more
similar, thus limiting overall sexual dimorphism.
Sexually antagonistic gene variants that enforce similarity and limit the
development of sexual dimorphism among siblings can be a source of evolutionary
conflict (Bonduriansky & Chenoweth, 2009). However, this conflict can be resolved in
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several ways (Cox & Calsbeek, 2009). One way is through the evolution of sex-linkage,
which occurs when a gene becomes localized to a sex-chromosome (Rice, 1984;
Boduriansky & Chenoweth, 2009; Innocenti & Morrow, 2010). Although this often
occurs to some degree (see Gibson, Chippindale, & Rice, 2002), it is also common for
much of the standing sexually antagonistic variation to remain on the autosomes (Fry,
2010; Innocenti & Morrow, 2010). In these cases, sex-enriched and/or sex-limited gene
expression can evolve, but this is thought to take long periods of time (Long et al. 2012;
Wright & Mank, 2013). The degree of sex-enrichment, wherein a gene is more strongly
expressed in one sex compared the other, can counteract the dimorphism-limiting effects
of sexually antagonistic genetic variation (Rice & Chippindale, 2001; Bonduriansky &
Chenoweth, 2009; Wright & Mank 2013). Another way for this conflict to be resolved, is
through genetic imprinting (also known as parent of origin effects). When this occurs, a
parent makes epigenetic modifications to their gametes to prime said gametes for being
expressed in one sex or the other (Bonduriansky & Chenoweth, 2009). While this can
also be done for the autosomes, imprinting is especially effective on the sexchromosomes. This is because, in an X-Y sex determination system, a father always
passes his X chromosome to his daughters and his Y chromosome to his sons, and this
allows for high accuracy in congruent imprinting, ensuring that each sibling inherits a
sex-chromosome that is primed for expression in their own sex background (Bedhomme
& Chippindale, 2007). It is also possible for sexual conflict to be resolved through the
process of gene-duplication, followed by sexual cooption of the new paralogs (Connallon
& Clark, 2011; Gallach & Betrán, 2011). While whole-gene duplication events are
relatively rare, when they do occur, the result can be the evolution of a male-benefit and
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female-benefit versions of the duplicate paralogs, which can themselves go on to evolve
sex-enriched or sex-limited expression (Connallon & Clark, 2011). At this point,
selection can act on the male-benefit and female-benefit paralogs independently,
continually specializing them and further facilitating the evolution of sexual dimorphism
(Connallon & Clark, 2011; Gallach & Betrán, 2011).
The relative balance of all these selective forces and genetic factors determines
the amount of sexual dimorphism expressed by a species, as well as overall degree to
which siblings resemble each other. Central to understanding this is the intersexual
genetic correlation (rmf), which quantifies the degree of similarity between brother and
sister phenotypes on the basis of their common genetic inheritance and has been
described in a variety of different taxa (Poissant et al., 2010; Stewart & Rice, 2018). High
values of rmf may have the effect of limiting individual and population-level fitness by
preventing both males and females from reaching their sex-specific fitness optima (due to
the expression of alleles with sexually antagonistic effects), which ultimately limits the
independent evolution of the sexes (Rice & Chippindale, 2001; Long & Rice, 2007;
Bonduriansky & Chenoweth, 2009; Delph et al., 2011). The ways in which intersexual
genetic correlations can influence the evolution of sexual dimorphism are just starting to
be understood, which helps allow for a deeper understanding of how sexual conflict plays
out in nature. In this study, we set out to explore what role intersexual genetic
correlations play in the expression of sexual dimorphism in the model fly species,
Drosophila melanogaster and the extent to which the strength of rsmf can change under
selection.

9

In D. melanogaster, the sexes experience different life histories and there is
sexual dimorphism for body size, with female flies being larger than males (David et al.,
2011; Chyb & Gompel, 2013; Stewart & Rice, 2018). This pattern is typical in arthropods
and is thought to be due to larger females being more capable of meeting the energetic
demands of oogenesis, supported by the observation that larger female D. melanogaster
can be more fecund than smaller females (Long & Rice, 2007; Long et al., 2009;
Turiegano et al., 2013). In addition to being smaller than females, male flies (somewhat
paradoxically) take longer to develop to adulthood, and moreover, experience directional
selection on size and development time that can be constrained by intersexual intralocus
conflict (Prasad et al., 2007; Abbott et al., 2010). For example, studies focused on
limiting female evolution in D. melanogaster have found that masculinized genomes
promote lower mass upon eclosion in both sexes as well as longer development times,
which translates to overall slower growth rates (Prasad et al., 2007). Moreover, other
studies have found that masculinized genomes also lead to the development of smaller
wings, while further supporting previous findings of lower adult mass (Abbott et al.,
2010). These findings may be explained by the increased relative attractiveness of small
males, potentially through more accurate tracking of females during courtship song
production (Steele & Partridge, 1988), increased symmetry (Shakarad et al., 2001), or
more masculinized cuticular hydrocarbon profiles (Foley et al., 2007; Bedhomme, et al.,
2008). While evidence shows that unhindered selection causes males to grow slower and
thus develop lighter bodies, there is also interesting evidence showing that larger males
are frequently more successful in mating (Partridge & Farquar, 1983; Partridge et al.
1987; reviewed in Friberg & Arnqvist, 2003). However, this mating advantage may be
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somewhat eroded by the fact that larger males also induce greater harm to females
through harassment, courtship, and mating, than smaller males do (Pitnick & García–
González, 2002; Friberg & Arnqvist, 2003; Long et al., 2009; Pradhan & Van Schaik,
2009). Thus, large males may limit their own fitness by reducing the quality/quantity of
eggs produced by their mates (Long et al., 2009). Moreover, as antagonistic male
persistence is biased towards larger females, they may be harmed at higher rates than
females of smaller sizes (and of lower potential fecundity), which could have the effect of
reducing the fitness of the largest females in the population and limiting the further
evolution of increased female body size despite the potential fecundity advantages it
provides (Long et al., 2009, Yun et al, 2017).
These opposing selective pressures on male and female body size pose an
interesting evolutionary conflict in the context of their intersexual genetic correlation,
which appears be both strong and positive in D. melanogaster (i.e. high rmf ; David et al.
2011, Stewart & Rice, 2018). The strength correlation means that siblings of both sexes
develop relatively similar phenotypes (large males will have larger-than-average sisters,
small males will have smaller-than-average sisters), and this has obvious consequences
for the fitness of siblings originating the same family. Conceivably, sets of relatively
large parents may sire high-fitness daughters but low-fitness sons, and matings between
relatively small parents would sire high-fitness sons but low-fitness daughters (Pischedda
& Chippindale, 2006). It is clear there are individual and population-level benefits of
producing offspring whose phenotypes are less constrained by their shared genomic
architecture (Poissant et al., 2010; Stewart & Rice, 2018), yet no such resolution to this
sexual conflict appears to have evolved in natural populations of D. melanogaster. In
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order to understand whether such a resolution could be achieved through artificial
selection, Stewart & Rice, (2018) conducted an experimental evolution study. Their aim
involved reversing species-typical dimorphism, by selectively mating the largest males to
the smallest females in a lab-based population of D. melanogaster. Following 100
generations (approximately four years) of artificial selection, there were no significant
differences observed in the extent of sexual dimorphism of experimental lines, compared
to unselected control lines. After 250 generations of selection, some differences had
evolved: females from the experimentally evolved populations had became significantly
smaller than control females, while experimental males were marginally smaller than
control males despite being selected for larger body size. This response in males is likely
a correlated response to the selection for smaller size in females (Rice & Chippindale,
2001; Bonduriansky & Chenoweth, 2009; Delph et al., 2011), and suggests that strong
direct selection for sex-reversed body size is not able to alter the overall direction of body
size dimorphism D. melanogaster, and that (at least in this population/species) rmf acts as
a meaningful constraint on the adaptive evolution of sexual dimorphism and/or the
resolution of sexual conflict.
An interesting counterpoint to the conclusions drawn by Stewart and Rice (2018)
is seen on the work by Delph et al., (2011) on the white campion, Silene latifolia, a
species of dioecious flowering plant. In S. latifolia, intersexual genetic correlations of
flower size are quite high and positive, which means that although male (staminate)
plants produce relatively smaller flowers than female (pistilate) plants, male plants that
produce small flowers in an absolute sense will very typically have ‘sisters’ who produce
flowers smaller than the female average. In their study, Delph et al. (2011) artificially
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selected for greater sexual dimorphism in flower size (specifically in calyx width). They
observed a dramatic response to selection within only five generations, where the strong,
positive intersexual genetic correlations initially calculated for each line rapidly
decreased in strength in two of their three experimentally selected lines. What might
account for such a difference between these results and those of Stewart & Rice (2018),
apart from the study taxa? One possibility arises from differences in the specific details of
their selection protocols. Stewart & Rice (2018) selected directly on males and females
for reversed body size at the individual level, by selectively breeding those males and
females at the phenotypic extremes of the population (see Figure 1). Contrastingly, Delph
et al. (2011) performed their selection at the family-level by crossing between families
who had relatively large sons compared to daughters, and between families with
relatively large daughters compared to sons (for a symmetrical response). This selective
approach, hereafter referred to as Artificial Correlational Selection (ACS), ultimately
operates by selecting those families whose joint male-female phenotypes place them the
furthest along the minor axis of correlation (see Figure 1a). By choosing sires and dams
from families who express either more or less sexual dimorphism (compared to those
families that yield phenotypes closer to the major axis of correlation, the objective is to
select on the magnitude and sign of the rmf itself by theoretically reducing the overall
correlation of sibling sizes within a population, without altering the mean size of males or
females (Delph et al., 2011; see Figure 1a).This technique is fundamentally different
from the individual-level approach of Stewart & Rice (2018), who selected for sizereversed individuals regardless of the size of their siblings (Figure 1a). To test the
efficacy of their selection protocol, Delph et al. (2011) proceeded to impart selection on
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female flower size alone. In the control line, they found that the female-limited selection
led to an indirect correlated response in male calyx size despite no direct selection acting
on males. However, populations exposed to ACS showed a response only in female
flower size. These findings imply that the strength of intersexual genetic correlation had
indeed been reduced to such a degree that it made the sexes capable of responding to
selection independently, and that this response could be achieved amazingly rapidly
(Delph et al., 2011).
The conclusion made by Stewart & Rice (2018) about the robust nature of
intersexual genetic correlations stands in stark contrast to the apparent ease of
evolvability reported by Delph et al. (2011), as indexed through a reduction in mean rmf at
the population-level. However, given the differences in selection protocols and study
taxa, it is impossible to ascertain whose conclusions are more generalizable. Under ACS,
four generations of selection were enough to elicit a change in rmf, while direct selection
as was carried out by Stewart & Rice (2018) took roughly 250 generations to yield a
similar result. Thus, there is a discrepancy here over the rate at which changes in rmf can
evolve. To directly address this important and unresolved question, we set out to see
whether the application of Delph et al.’s experimental ACS protocol to the same species
used by Stewart and Rice (and moreover, to a genetically related population) would lead
to the same rapid changes in intersexual genetic correlation. Additionally, we wanted to
understand whether ACS permitted either or both sexes to evolve towards their sexspecific fitness optima, and so after six generations of experimental evolution we assayed
the reproductive success of males and females hailing from experimentally evolved and
control lines. Learning more about the true nature of intersexual genetic correlations will
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enhance our understanding of when and how they can limit the expression of sexual
dimorphism in the natural world, as well as the role they play in shaping the direction and
speed of adaptive evolution.
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Figure 1

A

B

Figure 1. A) A theoretical scatterplot illustrating the intersexual genetic correlation for a trait
(body size) expressed in both males and females measured from the same families, and the
Artificial Correlational Selection (ACS) protocol, where the families marked as asterisks
would be selected to sire the next generation, as they sit furthest away from the major axis of
size variation (dashed line). Selected “positive” and “negative” families would then be
utilized in the crossing design depicted in 1B; B) The four families sitting furthest away from
the major axis in both directions (“positive” and “negative”) were crossed using this mating
design, where A-D represent positive families and E-H represent negative families. Shaded
cells represent a cross between males and females from the relevant families (top and left
axes). Crosses between brothers and sisters from the same family were not performed to avoid
potential inbreeding effects.
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CHAPTER 2
METHODS
Population Background
To determine whether family-level artificial selection can alter the intersexual
genetic correlation of male and female body size in D. melanogaster, we first established
four populations. Two of these replicate populations were subjected to a modified version
of Delph et al.’s (2011) ACS protocol (described below) and two paired, replicate,
control populations that did not undergo the ACS protocol, but were otherwise cultured in
the same manner as the experimental populations. One pair of experimental and control
populations were established from our lab’s large, outbred wild-type population of flies
(LHM). The other pair of populations were sired from another of our large, replicate,
outbred population of flies (LHM-bw), into which a recessive, brown-eyed marker (bw)
has been introgressed through repeated backcrossing. Both of these populations have
been maintained under the same standardized conditions for hundreds of generations (for
origin and culture history of these lines please see Rice et al. 2006), and have been
cultured on non-overlapping generations in our lab since 2011 in vials of banana/killedyeast standard media (Rose, 1984). Barring the single eye-colour mutation, these lines
should thus be genetically similar throughout the rest of their genomes. While the
founding lab populations (LHM, LHM-bw) are normally maintained on a 14-day culture
cycle, the logistical constraints associated with fly-collection, sorting, and mating
(described below) required us to operate on a 21-day culture cycle for the five-generation
duration of the experiment.
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Establishment of Control and Experimental Populations
To establish each population, we began by collecting 50 adult males and 50 adult
females as virgins (within 8h of their eclosion from pupae), from each of the two base
populations (LHM,LHM-bw). We then paired up males and females of the same eyecolour (i.e. hailing from the same base population) to establish 100 “fly families” (50 redeyed (wild-type) pairings, and 50 brown-eyed (bw/bw) pairings). These families would
provide the parents for the subsequent experimental evolution and control lines, as well
as information on the nature of intersexual genetic body size correlations prior to
selection (at generation 0). We housed the pairs of adults in vials containing 10mL of
standard media for 48h in order to give them the opportunity to feed, mate, and oviposit,
before being discarded. We incubated the vials at 25C and starting 8 days later we
collected all newly eclosed adult flies every ~8h. Brother and sister flies from each vial
were lightly anesthetized with CO2, separated by sex, and then placed into separate vials
with standard media, where they remained until body-size sorting could be completed.
Offspring collection continued for 96h until all surviving adults had eclosed from pupae.
Next, we set out to quantify the intersexual genetic correlation by measuring the body
size of brothers and sisters from each family. We accomplished this using the same sievecolumn-sorting device and protocol (described in Long et al., 2009) that was used by
Stewart & Rice (2018). For each vial of flies (containing all the male or female adult
offspring originating from a single family), we lightly anesthetized individuals and placed
them into the top sieve of the sorting column mounted on sieve shaker device (Gilson
Performer III, Gilson Company). The electro-formed holes in each of the ten sieves that
make up the sorting column are 5% larger than those of the sieve below it (diameter of
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top sieve holes = 1420 µm; diameter of bottom sieve holes = 998µm). When the sieve
column is agitated (at a rate of 3,600 vibrations min−1 for 2 min) the flies fall through the
holes until their girth prevents further downward movement, permitting us to quickly and
efficiently sort large numbers of individuals. Once the flies had been sorted, we counted
the number of individuals within each size-class, before returning male and female flies
from each family to sex-specific, standard media vials.
We plotted (in R, version 3.3.3, The R Foundation for Statistical Computing,
2017) the mean body size of brothers against the mean body size sisters for both the
generation 0 LHM and LHM-bw populations, computed and overlaid a Standard Major
Axis (SMA) regression line (using the lmodel2 package by Legendre 2014), and
calculated the orthogonal distance of each family’s data-point to that regression line. This
orthogonal residual value was used to determine which families to select and cross in
order to generate the two control and two experimental lines to be used in our
experiment. The families whose points fell above that line (hereafter “positive families”)
had relatively smaller sisters/relatively larger brothers (i.e. less sexual size dimorphism)
and those families whose points fell below the line (hereafter “negative families”) had
with relatively larger sisters/relatively smaller brothers (i.e. more sexual size
dimorphism) (see Figure 1). We selected four positive and negative families from each of
the two base populations with the largest orthogonal residuals and crossed individuals
from those families to create the two experimental lines. To establish the two control
lines, we randomly picked another 8 families from each base population and crossed
them (see Figure 1b).
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For the experimental lines, we used a family-breeding protocol that was based on
the ACS protocol used by Delph et al. (2011). We crossed the four most positive
families with each other in every possible combination (except for within-family crosses
to avoid inbreeding), and followed the same pattern of matings for the four most negative
families (see Figure 1b). Thus, we established 24 different family combinations using
selected males and females for this, and for all subsequent generations of the experiment.
By using families that were located on both sides of the SMA regression line, we hoped
to induce a symmetrical change in the level of typical sex-dimorphism, thereby establish
two groupings of families whose rmf has diminished (potentially in different ways).
Founding families were chosen at random in the control lines, but thereafter were crossed
utilizing the same approach as with the experimental populations. For each family-level
cross in both our experimental and control populations we placed two males and two
females into a vial and left them to mate and oviposit for 48h before being discarded.
This was done to increase the likelihood of obtaining a sufficient number of offspring (of
both sexes) in the next generation to yield representative estimates of mean body size, to
produce enough adult flies to be used in any subsequent crosses, as well as to attempt to
slow the loss of genetic diversity/the incidence of inbreeding depression in future
generations.
When selecting the families to use for generation 2 onwards, we first fitted the
Standard major Axis regression calculated from generation 0, (which was re-centred at
the global mean of the males and females for the population/generation being assayed),
and used the orthogonal distances from that line to pick the families for the subsequent
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generation. This was done to ensure a consistent baseline for comparison/selection, in the
event that rmf did change over time.

Fitness Assays
Following five generations of experimental evolution, we wanted to test whether
there were any differences in the egg-to-adult survivorship and/or reproductive
performance of males and females from the experimental populations and individuals
from their paired control populations. We began the assay by setting up crosses (as
described above) for each of the four populations at the end of their 5th generation, and
placing sets of these mated males and females into egg-laying chambers (polyethylene 7mL vials 226245-10: Kartell, Italy) that contained a grape-agar medium upon which
females could oviposit overnight (Sullivan et al., 2000). From each of these media dishes
we counted and transferred 30 eggs into a vial containing 10mL of standard media. At the
same time we added 50 similarly-aged flies from one of the two base populations (but
differing in eye colour from those of the target flies’ eggs) to create a competitive
environment similar to that typically experienced by these flies (Rice et al., 2006). We
created two replicate vials for each cross– one vial whose target flies would later be used
to measure the fitness of daughters, and the other that would later be used to measure the
fitness of sons. We incubated the vials under standard conditions for 14 days, at which
time we removed all eclosed adult flies under light anesthesia, which we then sorted by
eye-colour and counted.
To assay daughter fitness, we collected five of the target adult female offspring
from each of the 24 families and transferred them individually into test tubes containing
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2mL of standard media (with a scored surface to encourage oviposition) for a period of
22h before being discarded. These test-tubes were incubated for 14 days, whereafter, the
number of surviving adult offspring was recorded. We then calculated the mean offspring
production across the five sisters for each of the families.
To assay son fitness, we collected and transferred two of the target male offspring
collected from each of the 24 families into different vials each containing 10mL of
standard media. We simultaneously added four similarly-aged and experienced
competitor males (obtained from the base population that differed in eye phenotype from
that of the target male) as well as 5 virgin LHM-bw females to the vial. Individuals in
these vials were allowed to interact for ~55h, at which point females were removed and
placed into individual test tubes to lay eggs for a period of 24h before being discarded.
We incubated the test tubes for 14 days and tallied the number of red-eyed and browneyed adult offspring present in each tube. We assessed male fitness in two ways – as the
proportion of all offspring in a vial sired by the target male, and as the number of females
in a vial that has successfully mated with a target male (based on the presence offspring
bearing the eye-colour of the target male). We calculated mean fitness across brothers
from each family for each of these metrics.

Statistical Analyses
For each generation of all our populations (from 0 to 5), we calculated the
Pearson product-moment correlation coefficient for mean brother and sister body size,
and subsequently calculated 95% Confidence Intervals (CIs) for each of these values by
bootstrapping these data 10,000 times each. Using these bootstrapped samples, we
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compared the correlation coefficients of each generation of our experimental and control
populations to those measured in generation 0, as well as to their paired control
population at the same time point. This was done by examining the 95% CIs of the
differences between bootstrapped scores, where the null hypothesis is that the mean
difference between bootstrapped values would be zero. This analysis was to give us a
broader understanding of how the correlation between opposite-sex-sibling phenotypes
changed across generations.
To further examine the effects of our artificial selection protocol, we calculated
the heritability of body size in both males and females, and made estimates of the
intersexual genetic body size correlation for each generation of our four populations. To
do this, we created linear mixed models using a Residual Maximum Likelihood (REML)
approach using functions in the statistical package ASReml-R (version 4, VSNi 2020). Our
models estimated the variance in male and female body size, as well as the covariance
between them, for each generation in all our replicate populations [where male body size
and female body size were included as separate response variables in our model, as was
done in Delph et al. (2011)]. Relatedness information was incorporated into our model’s
calculations of body size variance by utilizing a pedigree structure that simulated our
experimental crosses, which subsequently allowed ASReml-R to partition out the
components of phenotypic variance that were attributable to genetic sources. For each
generation of all our populations, we created a unique pedigree that reflected the origin of
the sires and dams that produced the offspring whose data was being analyzed. This then
allowed for calculations of sex-specific size heritability, within each generation. First, the
partitioned genetic variance components were used to calculate total phenotypic variance
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[VP = non-genetic trait variance + genetic trait variance{VG}]. Variance arising from
relatedness effects was treated as [VG], and along with total phenotypic variance, was
used to manually calculate heritability using the equation [h2 = VG/VP] (Ridley, 1996).
The models also calculated the covariance between traits based on relatedness (in this
case, the size of brothers and sisters from a single family). This covariance value and the
aforementioned genetic variance components for male size and female size were used in
the equation [r = cov(M, F)/sqrt{var(M)⸱var(F)}] (Ridley, 1996), to calculate rmf, the
intersexual genetic correlation of sibling body size. Standard errors were calculated using
the delta method common to most statistics packages, which uses a first-order Taylor
series expansion to make error estimates (Greene, 2012).
To assess the fitness tests performed on the sixth-generation families of each
replicate, we made comparisons between data collected from pairs of control and
experimental populations originating from the same base population (i.e. we compared
experimental and control replicates of the same eye-colour). Additional comparisons
were carried out within the experimentally evolved replicate populations, between
families sired by positive parents (families 1-12) and negative parents (families 13-24).
All comparisons were made using one-way Analysis of Variance (ANOVA), coupled
with effects size calculations (Cohen’s d). Statistical tests were considered significant at
α=0.05.
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CHAPTER 3
RESULTS
Initial correlation coefficients, intersexual genetic correlation, and sex-specific
heritability of body size (in Generation 0)
In both our initial generation 0 populations, we found a statistically significant,
positive correlation in brother and sister body sizes that was small to moderate in
magnitude (LHM base population G0 r = 0.333 [95% CI: 0.0893 – 0.559]; LHM-bw base
population G0 r = 0.251[95% CI: 0.016 – 0.488]; see Table 1, Figure 2). We went on to
quantify the strength of the intersexual genetic size correlation (rmf) prior to any selection
in generation 0, using data obtained from the 50 full-sibling families created from each
base population. We found that for both populations, rmf was moderate in effect size and
positive in nature (LHM base population: rmf = 0.4227, SE = 0.1550; LHM-bw base
population: rmf = 0.3157, SE = 0.1691) (see Table 2, Figure 2). Additionally, initial
heritability values were moderate in females and moderate-large in males, for each eyecolour base population (LHM base population: male h2 = 0.6714, SE = 0.0576 | female h2
= 0.4682, SE = 0.0838; LHM-bw base population: male h2 = 0.6290, SE = 0.0461 | female
h2 = 0.3345, SE = 0.0671; see Table 2).

Correlation Coefficients, intersexual correlations of body size, and sex-specific
heritability estimates (Generations 1-5)
After one generation of ACS (i.e. in generation 1), we observed that the
phenotypic correlation of brother-sister body size in both the experimental LHM-derived
and experimental LHM-bw-derived populations had become negative and significantly
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different from the phenotypic correlations observed in generation 0 (see Table 1, Figure
2). In contrast, the control populations did not exhibit the same magnitude of change (see
Table 1, Figure 2). Similarly, after one generation of selection, our mixed models created
using Residual Maximum Likelihood techniques indicated that rmf changed dramatically
in both experimental replicate populations, and took on a negative relationship; this
pattern that was not seen in either of the two control populations (LHM: EE rmf = -0.4797,
SE = 0.2394; C rmf = 0.3674, SE = 0.2223; LHM-bw: EE rmf = -0.3089, SE = 0.2632| C rmf
= -0.0063, SE = 0.2714) (see Table 2, Figure 2). Sex-specific heritability values were
overall higher in the control populations compared to their experimental-counterparts
(LHM EE: male h2 = 0.6656, SE = 0.0747| female h2 = 0.3738, SE = 0.1337; LHM C: male
h2 = 0.7408, SE = 0.1008 | female h2 = 0.6688, SE = 0.1299; LHM-bw EE: male h2 =
0.6007, SE = 0.0876;| female h2 = 0.4301, SE = 0.1150; LHM-bw C: male h2 = 0.7272, SE
= 0.0743; female h2 = 0.5451, SE = 0.1264; see Table 2).
After a second round of selection (generation 2), the estimated rmf values were
once again of moderate size and positive in nature across all four populations (LHM: EE
rmf = 0.6382, SE = 0.1787; C rmf = 0.3145 | SE = 0.2284; LHM-bw: EE rmf = 0.4419, SE =
0.2349| C rmf = 0.7896, SE = 0.1604; see Table 2, Figure 3). This pattern remained
relatively unchanged over the subsequent three generations of selection (see Table 2,
Figures 3, 4, 5, & 6). A similar pattern was also seen in our bootstrapped correlation
coefficients where in generation 2 and beyond, coefficients were largely positive and not
different from what had been observed in generation 0 (see Table 1, Figures 3, 4, 5, & 6).
Estimates of heritability continually showed few consistent trends. It is notable
that in generation 2, heritability was overall lower in the LHM-derived experimental
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population relative to its paired LHM-derived control population, but higher in the LHMbw-derived experimental population compared to its paired control population. (LHm EE:
male h2 = 0.6540, SE = 0.069;| female h2 = 0.4625, SE = 0.1279 | LHM C: male h2 =
0.6370, SE = 0.1288; female h2 = 0.7261, SE = 0.0950 | LHM-bw EE: male h2 = 0.6491,
SE = 0.0928| female h2 = 0.5089, SE = 0.1248; LHm-bw C: male h2 = 0.4892, SE =
0.0959| female h2 = 0.2899, SE = 0.1081; see Table 2). This is inconsistent with the trend
observed in generation 1, where heritability was overall lower in the experimentally
evolved replicates than the control replicates. Sex-specific heritability values calculated
for generations 3-5 are presented in Table 2.

Fitness assays (performed in Generation 6)
We assayed the egg-to-adult survivorship and adult reproductive success for all of
our populations in their 6th generation, to determine what effects (if any) ACS had on
these fitness components. Since our control and experimental populations were paired, all
comparisons of relative fitness were made between the two LHM-derived populations,
and between the two LHM-bw derived populations. We took the proportion of individuals
who survived [total surviving/30] and performed a Wilcoxon Rank-Sum test on mean
family survivorship (which was averaged across two replicate vials). The test did not find
statistically significant differences between treatments in either the LHM-derived
populations (avg. mean proportion surviving experimental = 0.7201, control = 0.7028, W
= 333, P = 0.3576) nor the LHM-bw-derived populations (mean proportion surviving:
experimental = 0.7097, control = 0.7257, W = 257, P = 0.5283).
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We detected no significant differences in the mean fecundity of females from
control and experimental populations of either line (LHM lines: mean fecundity control =
29.833, mean fecundity experimental = 30.808, F = 0.333, df = 46, P = 0.568; LHM-bw
lines: mean fecundity control = 29.502, mean fecundity experimental = 28.883, F = 0.17,
df = 46, P = 0.682).
We measured male fitness by calculating the proportion of offspring he sired out
of the totalled brood of the five females from each competition assay. When we
compared the mean male competitive performance of our experimental and our control
populations, we observed greater reproductive success in males from experimental
populations compared to those males from their respective control populations. In the
case of the LHM-derived population, the difference was statistically significant at the
=0.05 level (mean male success experimental = 0.3159, mean male success control =
0.1577, F = 11.95, df = 46, P = 0.00119, Cohen’s d = -0.99788) and nearly so in the
LHM-bw derived populations (mean male success experimental = 0.2332, mean male
success control = 0.1579, F = 3.064, df = 46, P = 0.0867, Cohen’s d = -0.50526; see
Figure 7a). Further tests of competitive success between the positive and negative
families within the experimental groups also revealed that the males from the positive
crosses sired a higher proportion of offspring than those from the negative crosses, and
the difference was statistically-significant in the LHM-derived population (LHM: mean
success positive = 0.3659, mean success negative = 0.2660, F = 7.392, df = 22, P =
0.00168, Cohen’s d = -0.62244; LHM-bw: mean success positive = 0.2588, mean success
negative = 0.2076, F = 1.873, df = 22, P = 0.166, Cohen’s d = -0.34167; see Figure 7b).
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To further analyze the competitive success of males from each family, we
calculated the mean number of females successfully fertilized by a pair of brothers by
averaging the number of females who bore at least one target offspring across the
replicate competition trials. At the treatment level the experimentally evolved males
again outperformed control males, significantly so in the LHM strain (experimental mean
= 1.84, control mean = 1.13, df = 46, F = 7.271, P = 0.00976, Cohen’s d = -0.7784) and
strongly trending towards significance in the LHM-bw strain (experimental mean = 1.25,
control mean = 0.92, df = 46, F = 3.874, P = 0.0551, Cohen’s d = -0.5682) (see Figure 8).
Examining the positive and negative-sired portions of each population, differences were
not significant between these subgroups in either experimentally evolved replicate (LHM:
positive mean = 2.13, negative mean = 1.58, df = 22, F = 2.281, P = 0.145, Cohen’s d = 0.6166; LHM-bw: positive mean = 1.33, negative mean = 1.67, df = 22, F = 0.5, P =
0.487, Cohen’s d = -0.2887).
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Table 1. Bootstrapped Pearson correlation coefficient means and 95% Confidence Intervals
calculated for each generation for both the experimentally evolved and control replicates,
separated by population of origin. Furthermore, mean difference (& 95% CI) in correlation
coefficients between the paired experimental and control replicates in each generation, as well
the mean difference (& 95% CI) in correlation coefficients between each population and the
correlation coefficients seen in generation 0 are also listed.
Population
origin

Generation

Bootstrapped mean & 95%
CI correlation coefficients

LHM-bw

1

Experimental Population
-0.202 (0.140, -0.477)
Control Population
-0.002 (0.463, -0.445)
Experimental Population
0.447 (0.756, -0.518)
Control Population
0.562 (0.799, 0.278)
Experimental Population
0.294 (0.589, -0.052)
Control Population
0.279 (0.566, -0.013)
Experimental Population
0.100 (0.478, -0.286)
Control Population
0.227 (0.574, -0.124)
Experimental Population
0.166 (0.491, -0.214)
Control Population
0.667 (0.848, 0.411)
Experimental Population
-0.142 (0.269, -0.509)
Control Population
0.203 (0.554, -0.208)
Experimental Population
0.618 (0.798, 0.389)
Control Population
0.297 (0.691, -0.132)
Experimental Population
0.581 (0.790, 0.255)
Control Population
0.236 (0.541, -0.035)
Experimental Population
0.178 (0.522, -0.238)
Control Population
0.444 (0.706, 0.129)
Experimental Population
0.469 (0.772, 0.037)
Control Population
-0.208 (0.220, -0,543)

2

3

4

5

LHM

1

2

3

4

5

 rExperimental rControl Population
(mean & 95%
CI)
-0.222
(0.352, -0.757)

-0.115
(0.133, -0.663)

0.015
(0.427, -0.432)

-0.128
(0.3942, -0.655)

-0.501
(-0.082, -0.927)

-0.345
(0.221, -0.864)

0.322
(0.787, -0.120)

0.345
(0.691, -0.071)

-0.266
(0.200, -0.793)

0.677
(1.161, 0.082)

 r Population -r Generation 0
(mean & 95% CI)

Experimental Population
-0.448 (-0.048, -0.823)
Control Population
-0.225 (0.266, -0.754)
Experimental Population
0.196 (0.606, -0.349)
Control Population
0.311 (0.647, -0.055)
Experimental Population
0.043 (0.420, -0.368)
Control Population
0.028 (0.391, -0.345)
Experimental Population
-0.152 (0.297, -0.607)
Control Population
-0.024 (0.400, -0.446)
Experimental Population
-0.085 (0.321, -0.534)
Control Population
0.416 (0.709, 0.070)
Experimental Population
-0.474 (-0.002, -0.908)
Control Population
-0.129 (0.302, -0.589)
Experimental Population
0.285 (0.592, -0.026)
Control Population
-0.036 (0.430, -0.515)
Experimental Population
0.248 (0.572, -0.139)
Control Population
-0.096 (0.286, -0.457)
Experimental Population
-0.155 (0.261, -0.628)
Control Population
0.111 (0.474, -0.272)
Experimental Population
0.137 (0.541, -0.354)
Control Population
-0.541 (-0.056, -0.949)
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Table 2. Estimates (& Standard Error) of sex-specific body size heritabilities (h2) and
intersexual genetic correlations (rmf) calculated for each generation for both the
experimentally evolved and control replicates, separated by population of origin. Bolded
values in generations 1 and 2 represent the notable differences observed between the
experimental and control replicates in generation 1, followed by a return to values similar to
those initially observed (generation 0), in generation 2.

Population
origin

Generation

LHM-bw

0

1

2

3

4

5

LHM

Male Heritability
(h2 & SE)

Female Heritability
(h2 & SE)

Intersexual Correlation
(rmf & SE)

0.6290 (0.0461)

0.3345 (0.0671)

0.3157 (0.1691)

Experimental Population
0.6007 (0.0876)
Control Population
0.7272 (0.0743)
Experimental Population
0.6491 (0.0928)
Control Population
0.4892 (0.0959)
Experimental Population
0.0521 (0.0497)
Control Population
0.7344 (0.0561)
Experimental Population
0.4660 (0.1067)
Control Population
0.5019 (0.0683)
Experimental Population
0.5469 (0.0974)
Control Population
0.4811 (0.1200)

Experimental Population
0.4300 (0.1150)
Control Population
0.5451 (0.1264)
Experimental Population
0.5090 (0.1248)
Control Population
0.2899 (0.1081)
Experimental Population
0.1154 (0.0529)
Control Population
0.4066 (0.1259)
Experimental Population
0.4002 (0.1084)
Control Population
0.0874 (0.1003)
Experimental Population
0.4108 (0.1268)
Control Population
0.4256 (0.1127)

Experimental Population
-0.3089 (0.2632)
Control Population
-0.0063 (0.2714)
Experimental Population
0.4419 (0.2349)
Control Population
0.7896 (0.1604)
Experimental Population
0.8687 (0.3541)
Control Population
0.5172 (0.2145)
Experimental Population
0.2875 (0.2768)
Control Population
0.8785 (0.3248)
Experimental Population
0.0913 (0.2851)
Control Population
0.6107 (0.2069)

0.6714 (0.0576)

0.4682 (0.0838)

0.4227 (0.1550)

Experimental Population
0.6656(0.0747)
Control Population
0.7408 (0.1008)
Experimental Population
0.6540 (0.0846)
Control Population
0.6370 (0.1288)
Experimental Population
0.5931 (0.1240)
Control Population
0.7456 (0.0839)
Experimental Population
0.3638 (0.0942)
Control Population
0.5479 (0.0903)
Experimental Population
0.8321 (0.1312)
Control Population
0.5687 (0.0769)

Experimental Population
0.3738 (0.1337)
Control Population
0.6688 (0.1299)
Experimental Population
0.4625 (0.1279)
Control Population
0.7261 (0.0950)
Experimental Population
0.4908 (0.1386)
Control Population
0.5811 (0.1460)
Experimental Population
0.1878 (0.0912)
Control Population
0.2416 (0.1109)
Experimental Population
0.7905 (0.1671)
Control Population
0.1778 (0.0995)

Experimental Population
-0.4797 (0.2394)
Control Population
0.3674 (0.2223)
Experimental Population
0.6382 (0.1787)
Control Population
0.3145 (0.2284)
Experimental Population
0.7741 (0.1450)
Control Population
0.4050 (0.2211)
Experimental Population
0.1435 (0.3786)
Control Population
0.8900 (0.1417)
Experimental Population
0.5862 (0.2101)
Control Population
-0.4877 (0.3104)

0

1

2

3

4

5
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Table 3. A chart illustrating the average size of sisters and brothers from the families selected to sire each generation within both the
Positive (P, Red) and Negative (N, Blue) portions of the Brown-eyed experimental replicate (BE). Selected families are marked by
the relevant letter and colour and were sorted into their respective portions of the breeding matrix described in Figure 1. The exact
crosses performed to create each subsequent generation are illustrated in Figure 1S.
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Table 4. A chart illustrating the average size of sisters and brothers from the families selected to sire each generation within both
the Positive (P, Red) and Negative (N, Blue) portions of the Brown-eyed control replicate (BC). Selected families are marked by
the relevant letter and colour and were sorted into their respective portions of the breeding matrix described in Figure 1. The exact
crosses performed to create each subsequent generation are illustrated in Figure 2S.
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Table 5. A chart illustrating the average size of sisters and brothers from the families selected to sire each generation within both
the Positive (P, Red) and Negative (N, Blue) portions of the Red-eyed experimental replicate (WE). Selected families are marked by
the relevant letter and colour and were sorted into their respective portions of the breeding matrix described in Figure 1. The exact
crosses performed to create each subsequent generation are illustrated in Figure 3S.
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Table 6. A chart illustrating the average size of sisters and brothers from the families selected to sire each generation within both
the Positive (P, Red) and Negative (N, Blue) portions of the Red-eyed control replicate (WC). Selected families are marked by the
relevant letter and colour and were sorted into their respective portions of the breeding matrix described in Figure 1. The exact
crosses performed to create each subsequent generation are illustrated in Figure 4S.
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Figure 2
EE, G1

LHM-bw Base Stock, G0

C, G1

Figure 2. Scatterplots and
Standardized Major Axis (SMA)
regression (dashed line) depicting the
relationship between mean body size
in brothers and sisters obtained from
the same family, from both source
populations (generation 0) as well as
after one generation (generation 1).
EE=Experimental Evolution,
C=Control.

EE, G1

LHM Base Stock, G0

C, G1
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Figure 3

Figure 3. Scatterplots and Standardized Major Axis (SMA) regression lines depicting the
relationship between mean body size in brothers and sisters obtained from the same family, from
both experimentally evolved (EE) and control (C) populations originating from both the LHM-bw (B,
brown eyes) and LHM (R, red eyes) source populations in generation 2 (G2) of this experiment.
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Figure 4

Figure 4. Scatterplots and Standardized Major Axis (SMA) regression lines depicting the
relationship between mean body size in brothers and sisters obtained from the same family, from
both experimentally evolved (EE) and control (C) populations originating from both the LHM-bw (B,
brown eyes) and LHM (R, red eyes) source populations in generation 3 (G3) of this experiment.
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Figure 5

Figure 5. Scatterplots and Standardized Major Axis (SMA) regression lines depicting the
relationship between mean body size in brothers and sisters obtained from the same family, from
both experimentally evolved (EE) and control (C) populations originating from both the LHM-bw (B,
brown eyes) and LHM (R, red eyes) source populations in generation 4 (G4) of this experiment.
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Figure 6

Figure 6. Scatterplots and Standardized Major Axis (SMA) regression lines depicting the
relationship between mean body size in brothers and sisters obtained from the same family, from
both experimentally evolved (EE) and control (C) populations originating from both the LHM-bw (B,
brown eyes) and LHM (R, red eyes) source populations in generation 5 (G5) of this experiment.
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Figure 7

A

B

Figure 7. A) Boxplots displaying the average fitness of control (C) and experimentally evolved
(EE) males from both eye-colour strains; B) Boxplots displaying average male fitness by sire-type
(Control=C, Positive-sired=PS, Negative-sired=NS), for both eye-colour strains. The box encloses
values between the first and third quartiles of the data (the inter-quartile range (IQR)), whereas the
horizontal bar within the box indicates the median. Whiskers extend from the box to largest/smallest
values that are within ±1.5 × the inter-quartile range of the box. Values outside that range are outliers
and are indicated by circles.
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Figure 8

Figure 8. Boxplots displaying the
average number of females fertilized
by brothers from control (C) and
experimentally evolved (EE) families,
for both eye-colour strains. Boxplot
components are the same as described
in Figure 7.
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CHAPTER 4
DISCUSSION
The various elements of nature regularly act in a way that imparts asymmetrical
adaptive challenges on the sexes. In response to these differential pressures, the sexes
may evolve different, optimal phenotypes. This process creates sexual dimorphism,
which is a diverse and abundant phenomenon seen throughout the natural world (Darwin,
1871; Lande, 1980; Andersson, 1994). The commonality of sexual dimorphism may lead
one to assume that it evolves readily, however there are a plethora of potentially
complicating biological effects that can limit the degree of sexual dimorphism that is
expressed by a species. One of these potential limiting factors is the strength and
evolvability of intersexual genetic correlations (rmf), which describes the degree to which
identical genotypes produce identical phenotypes when expressed in male and female
genetic backgrounds (Rice & Chippindale, 2001; Poissant et al., 2010). Our study set out
to explore whether artificial selection (specifically artificial correlational selection, ACS;
sensu Delph et al., 2011) can lead to rapid, adaptive changes in male and female
phenotypes. Since the rate at which sexual dimorphism can evolve under artificial
selection has been the subject of recent debate (see Delph et al., 2011; Stewart & Rice,
2018), our work here aimed to get a better understanding of the evolvability of rmf by
clarifying some discrepancies that have arisen through different lines of research.
After exposing replicate populations of D. melanogaster to either ACS or noselection treatments, we found that rmf for body size could indeed evolve quite rapidly (if
temporarily), and that its evolution had adaptive consequences. This is supported by the
remarkable change in rmf and in the brother-sister correlation coefficients that arose after
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one generation of ACS in both the experimental red-eye and brown-eye populations (but
not in their paired control populations, please see Tables 1 & 2). Following six
generations of selection, we observed higher fitness in males from both of the
experimental populations compared to males from the paired control populations, with no
associated negative changes in measured female fitness (despite the reversion to and
maintenance of a positive rmf value beginning in generation 2 in both experimental
replicates). Alleles that enhance male fitness usually do so at the cost of female fitness
(Chippindale et al., 2001; Rice & Chippindale, 2001; Bonduriansky & Chenoweth, 2009;
Poissant et al., 2010; Guncay et al., 2017) – however, the lack of differences observed in
female fitness may indicate that traits influencing male and female fitness had become
somewhat decoupled in response to our experimental selection. This finding could have
been further tested by examining the capacity of males and females to respond to sexspecific selection on body girth, and subsequently examining it in relation to reproductive
success. This is similar to a result found by Delph et al. (2011), where subsequent
selection on female flower size alone saw no correlated changes in male flower size in
experimentally evolved lines but not control lines (i.e. control males and females both
showed a phenotypic response to selection on females alone). These results as well as our
own hint that natural and sexual selection could be able to slowly erode intersexual
genetic correlations over time, which may facilitate the independent evolution of the
sexes. We discuss this possibility and others in greater detail below, and explore these
findings in relation to our broader understanding of sexual dimorphism and adaptive
evolution.
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We calculated rmf and h2 for generation 0 and each subsequent generation across
all of our replicates. Although the heritability of male body size was usually higher than
that of female size, there were also considerable fluctuations between generations, within
replicates. While estimates of h2 values can sometimes be consistent across time in
insects (Daly & Fisk, 1992; Lehmann et al., 2006), that is not always what we observed
in our replicate populations (see Table 2). This lack of consistency could suggest that an
outside factor such as environmental variation may have reduced the degree to which
offspring phenotypes resembled parental phenotypes (Falconer & Mackay, 1996; Winkler
& Leisler, 1999). For example, differences in handling or subtle differences in
atmospheric pressure (Klok & Harrison, 2009) have the capacity to alter the size of
developing individuals, which could lead to non-genetic differences between the sizes of
parents and offspring, reducing estimates of h2.
As for the intersexual genetic correlation of sibling phenotypes, rmf dramatically
changed in response to selection between generations 0 and 1 in each experimental
replicate, but not in their paired control replicate. At a first glance, this pattern seems to
support the suggestion made by Delph et al. (2011) that intersexual genetic correlations
can evolve rapidly in response to artificial selection, and that changes can be manifested
within only a few generations of selection. Following generation 1 however, the rmf
values we observed reverted back to roughly what had been observed in generation 0 (see
Table 2). This seems to broadly support the findings of Stewart & Rice (2018), proposing
that intersexual genetic correlations are robust, not showing much response even to
strong direct selection. There are several potential explanations for the observation of this
rapid change and reversion in rmf across both experimental replicates. One explanation is
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that the initial genetic diversity was limited within our replicate populations, and that
over time, selection led to a further loss of variation in sexual body size dimorphism. Our
populations were founded from only 8 of the 50 families initially created from our stock
populations, and this represents a potential constraint on the standing variation in each of
our populations (i.e. akin to a bottleneck event). Furthermore, the loss of genetic diversity
in our populations may have led to higher levels of inbreeding and an increase in the
expression of recessive alleles with similar effects on the body size of both sexes. This
too could have contributed to the lack of maintained response seen after the first
generation. Finally, the fact that we did not measure the actual sizes of parents chosen to
sire the subsequent generation, utilizing family-level means instead, may have
compounded both of these issues by further reducing the amount of variation that was
included in our analysis.
In addition to the ideas presented above, there is also the potential that localized
environmental factors may have played an important role in the expression of our
observed adult phenotypes (especially in the later generations of selection). It is well
known that environmental factors can influence the expression of body size phenotypes
in D. melanogaster (Ashburner et al. 2005; Klok & Harrison, 2009), and since we were
only able to select on the mean phenotypes (rather than the underlying genotypes) we
observed in our families, it is possible that our selected sires and dams may have
sometimes come from families who possessed little additive genetic variation for their
expressed degree of intrafamilial sexual size dimorphism. Thus, our selection may have
been less effective than we hoped, potentially facilitating the second-generation reversion
to moderate, positive rmf values similar to those first observed in generation 0. One source
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of this environmental variation could come from the potentially harmful courtship
interactions that arise between males and females in this species that are damaging when
overall size is similar between females and males, and even more so when it is malebiased (Long et al., 2009). Such interactions can harm females, reducing their condition
and leading to the production of fewer eggs and/or less energetic investment made per
egg (Andersson, 1994; Long et al., 2009). One consequence of females laying fewer eggs
is that their offspring experience an environment where there are less larval competitors
present. Although we roughly standardized the amount of food per vial, due to logistical
constrains we did not standardize the number of larvae who were present in each vial.
This represents a potential source of interfamilial environmental variation. Since foodlimitation is known to influence adult size in D. melanogaster (Ashburner et al., 2005), it
would theoretically have been possible for a small female who produced fewer eggs due
to courtship harm to sire offspring larger than herself because of the reduced larval
competition her offspring would experience during their development. This could
potentially obscure underlying additive variation for size and sexual size dimorphism
inherited from parents, especially if the sexes respond differently to larval competition
which evidence supports in D. melanogaster and other Dipterans (Bedhomme et al.,
2003; Edward & Chapman, 2012). Alternatively, a larger than average female mating
with a larger than average male may receive less harm and may produce a higher number
of eggs. If the male is large because he is in good condition, she may even invest more
into egg production. However, the unanticipated effect of this the increased number of
larval competitors in each vial will be that the amount of resources available per capita is
lower, which may limit adult body size. This again illustrates how environmental
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variation can potentially obscure additive genetic variation, thereby reducing the
effectiveness of selection. Variation in the degree of larval/juvenile competition is a
factor that should definitely be considered and controlled in any future experiments
attempting to examine the genetic basis of body size. For our experiment, larval density
could have been controlled by collecting only a set number of eggs from each breeding
group to ensure no variation in competition between independent trials.
The genetic architecture of body size in D. melanogaster has been clearly
established as a highly polygenic trait that is controlled by many different loci
responsible for different transcription factors, signalling-pathway components, and other
growth regulators (Turner et al., 2011; Okada et al., 2019). This creates considerable
opportunity for epistatic interactions between the various size-controlling loci, which can
lead to unique phenotypic outcomes in offspring. The ACS protocol we employed may
have selected on individuals in a way that allowed for unique combinations of individuals
to mate, leading to a wider and more unpredictable range of phenotypic responses in the
subsequent generation(s), and potentially reducing the efficacy of ACS across
generations. As an example, D. melanogaster under standard conditions often mate
assortatively regarding body size. This is supported by the observation that males found
mating in nature are on average larger than randomly sampled males (Partridge et al.,
1987), as well as the observation that males preferentially court and mate with large
females (Long et al., 2009). The scenario that potentially follows from these two points,
is that large males may mate more often with large females, and so small males are left to
mate with small females. However, crosses made under ACS are inherently disassortative
(large females with small males, and small females with large males). It is possible that
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these potentially rarer, disassortative pairings may have resulted in increased
heterozygosity in offspring. This could explain the highly pronounced response to
selection observed in the first-generation, as selection may have led to a strong, opposite
responses in the positive and negative portions of our experimental populations. Going
forward however, mating between these size-heterozygous individuals could have caused
a larger variety of offspring phenotypes to emerge, owing to the specific dominance
relationships of polymorphism at loci controlling size and sexual size dimorphism. Thus,
the initial response to selection may have been obscured by some offspring phenotypes
regressing back to the major axis of variation in the subsequent generation, which in turn
could explain the observed reversion in rmf. An analogous scenario has been observed in
hybridization experiments performed on rockcress (Arabidopsis thaliana), where
genotypically distinct parental lines of A. thaliana were crossed, producing an F1
expressing unique phenotypes not present in either of the parental lines (heightened
rosette diameter, altered flowering time; Wang et al., 2015). However, mating among the
F1 heterozygotes led to an F2 that showed much greater variation in offspring
phenotypes, with some resembling the parental lines, some resembling F1, and others’
phenotypes falling in-between (Wang et al., 2015). In our experiment, a similar
phenomenon could have occurred following our second round of ACS crosses, leading to
a reduction in the amount of minor axis variation – the consequence being an unexpected
return to pre-selection values of rmf, in spite of the existence of an initial genetic response
to selection. This possibility could have been assessed by testing for differences in the
amount of sex-specific, within-family body size variance between generations 1 and 2 for
each of our experimental replicates.
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The fitness assays we performed on the members of generation 6 however,
illustrated that the relationship in body size between the sexes does not explain the whole
picture. While the negative rmf observed in the generation 1 experimental replicates had
reverted to being positive by generation 2 (and stayed that way for the duration of the
experiment), the fitness assays performed several generations later showed that there was
nonetheless a relative increase the reproductive success of males from experimentally
evolved populations compared to males from control populations (see Figure 7). Due to
the presence of sexually-antagonistic alleles, increases in male fitness are typically
associated with a decrease in fitness when expressed in a female genetic background
(Chippindale et al., 2001; Guncay et al., 2017), yet that pattern was not observed here;
while male fitness was greater in the experimental populations (compared to those from
the control populations), female fitness did not differ between the paired experimental
and control populations. Although the phenotypic effects of our selection disappeared or
were obscured (i.e. the observed reversion in rmf), there could still have been an effect on
the ability of male fitness to evolve in the experimental replicates. Specifically, through a
decoupling of components of male and female fitness, which may have remained even
after the immediate response to selection had dissipated. It is possible that the genetic
architecture controlling body size changed in a meaningful way (see Badyaev & Hill,
2007), facilitating the independent evolution of morphological traits important to
courtship such as wing structure (Abbott et al., 2010; Sztepanacz & Houle, 2019).
Although this explanation is speculative, it illustrates that direct selection on aspects of
body size may not represent the full story, and that downstream effects of selection could
facilitate the evolution of sex differences in other components of mating success and
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fitness. The repeated nature of this observation in both the experimentally evolved redeye and brown-eye replicates along with the work of Delph et al. (2011), implies that
future investigations on the capacity of artificial selection to rapidly alter intersexual
genetic correlations may be fruitful for understanding how such correlations inhibit the
sexes from evolving independently in response to divergent selective pressures.
The question that remains then, is why a more reduced intersexual genetic
correlations has yet to evolve in natural populations of D. melanogaster – especially as
we have shown they can evolve so rapidly in a laboratory setting and have potential
adaptive benefits for the fitness of the sexes? Stewart & Rice (2018) offer a potential
explanation when comparing Delph et al. (2011) to their own work, pointing to the
“unnaturalness” of ACS as a potential selective pressure. Individual-level selection on
size is much more readily responded to than family-level selection on sexual size
dimorphism, as there needs to be some line of causality linking the effects of oppositesex-sibling body size to that of focal individuals. For siblings, this is most likely during
their juvenile period as adult forms in nature are more likely to disperse and decrease
their subsequent rates of interaction (Coyne et al., 1982; Coyne & Milstead, 1987). In D.
melanogaster, such interactions could arise due to intrinsic size differences between
opposite-sex-siblings as larvae translating into adult size, or differences in competitive
aggression that lead to differences in food-availability and skewed size ratios in adult
phenotypes, among other possibilities. However this interaction between opposite-sexsibling sizes would hypothetically work, it would nonetheless need to be favored in
opposite scenarios, one that skewed typical size dimorphism towards larger males, and
another that skewed typical dimorphism towards larger females. This in turn then, leads
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to a scenario where large males, large females, small females, and small males all need to
be selectively favored, provided they have opposite-sex-siblings whose body size is
skewed opposite to theirs. Individual-level selective pressures are unlikely to favor
opposite-size morphs of same-sex individuals in every scenario, especially in terms of the
fecundity of smaller females (Long et al., 2009; Turiegano et al., 2013). Thus, it is highly
unlikely that any commonly encountered natural or sexual selective pressure could target
such an indirect group-level trait like intrafamilial sexual dimorphism, and further, could
favor completely opposite versions of it. Thus, there is little opportunity for what we
observed here to occur as quickly in nature, even if it is possible for such rapid
differences in rmf to evolve quickly and reliably in the lab. Nonetheless, our results
potentially imply that rare phenotype/genotype pairings may be able to erode the effects
of strong intersexual genetic correlations, facilitating the independent evolution of the
sexes.
In this study, we set out to establish whether it is possible for rmf to evolve rapidly
in response to artificial selection, and to clarify a discrepancy in conflicting lines of
evidence (Delph et al., 2011; Stewart & Rice, 2018). We found that initially positive
intersexual correlations for body size in D. melanogaster could evolve rapidly, becoming
moderate-strongly negative and then subsequently reverting back to being similar to preselection values. However, we also found significant and repeated increases in male
fitness with no corresponding decreases in female fitness in both of our experimentally
evolved replicates. This may imply that components of male and female fitness became
decoupled in response to selection, allowing males to respond to selection acting on other
aspects of phenotype. While it is still difficult to say much that is very definitive, this
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study represents a good first-step in breaking the log-jam around our understanding of the
evolution of sexual dimorphism, and the biological effects that constrain it.
Future work similar to ours would benefit from an approach that allows the full
breadth of genetic variation to be expressed, while limiting the amount of environmental
variation that could potentially obscure it. For our experiment specifically, this would
mean controlling things such as vial crowding/the number of eggs laid per vial, as well as
utilizing methods that take exact measurements of sire and dam body size, rather than
relying on the averages of the families they hail from. Nonetheless, these experiments
serve to aid our understanding of the means through which intersexual genetic
correlations can change, and the potential effects of such changes on the phenotypes of
males and females.
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SUPPLEMENTAL FIGURES
Figure 1S

Figure 1S. Matrices illustrating the exact crosses performed between the selected Positive (Red) and Negative (Blue) families to
create each subsequent generation within the Brown-eyed experimental replicate (BE). Values along the top of each matrix represent
males from each selected family while values along the left axes represent females. The black numbers in the white squares represent
the designation of each new family in the subsequent generation. For information regarding the size of selected parents, see Table 3.
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Figure 2S

Figure 2S. Matrices illustrating the exact crosses performed between the selected Positive (Red) and Negative (Blue) families to
create each subsequent generation within the Brown-eyed control replicate (BC). Values along the top of each matrix represent
males from each selected family while values along the left axes represent females. The black numbers in the white squares represent
the designation of each new family in the subsequent generation. For information regarding the size of selected parents, see Table 4.
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Figure 3S

Figure 3S. Matrices illustrating the exact crosses performed between the selected Positive (Red) and Negative (Blue) families to
create each subsequent generation within the Red-eyed experimental replicate (WE). Values along the top of each matrix represent
males from each selected family while values along the left axes represent females. The black numbers in the white squares represent
the designation of each new family in the subsequent generation. For information regarding the size of selected parents, see Table 5.
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Figure 4S

Figure 4S. Matrices illustrating the exact crosses performed between the selected Positive (Red) and Negative (Blue) families to
create each subsequent generation within the Red-eyed control replicate (WC). Values along the top of each matrix represent males
from each selected family while values along the left axes represent females. The black numbers in the white squares represent the
designation of each new family in the subsequent generation. For information regarding the size of selected parents, see Table 6.
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